In most fault systems the direction of the relative plate motion is oblique to the azimuth of the existing faults. Hence, during earthquakes the displacement may be partitioned between several faults that accommodate different components of the total motion. Here, we quantify the effect of the obliquity of the fault system relatively to the plate-motion direction on the distribution of the deformation in the fault system, during distinct periods of the seismic cycle.
, including the effect of slip-partitioning, which is often associated with obliquity (Armijo et al. 1986; Bowman et al. 2003; King et al. 2005) . The quantification of the effect of the obliquity on the efficiency of a fault system to accommodate boundary conditions, however, has received little attention due to the lack of pertinent data. Here, we take advantage of the 2002 Denali earthquake sequence, which includes a large foreshock, a main shock and a well-documented sequence of aftershocks to quantify the distribution of the deformation on the main fault and on the secondary faults, and to study what part of the deformation is specifically accommodated by each fault.
The Denali Earthquake ruptured the Denali fault system (DFS) in Alaska on 2002 November 3 (Eberhart-Phillips et al. 2003) . This region accommodates the relative displacement between the North American Plate and the Pacific Plate (Fig. 1 , St. Amand 1957) . Because of the up-side down L shape of the Northern American Plate, the motion between the Pacific Plate and the Northern American Plate is accommodated to the North by the Aleutian subduction zone, and to the east by the Queen Charlotte strike-slip fault. In the corner, at the junction between these two major tectonic systems, the Alaskan continental lithosphere undergoes substantial deformation accommodated by a limited number of faults bounding microplates. Both GPS and geological studies addressing deformation of this area show that these microplates behave rigidly at least at the timescale of Quaternary deformation (Fitzgerald et al. 1993; Freymueller et al. 2008) . One of the most recently activated continental fault system is the Denali fault system (DFS), formed mainly by two subvertical strike-slip faults, the Denali fault and the Totschunda fault. The DFS is around 700 km long and, from east to west, the DFS strike varies by more than 50
• (Fig. 1) . Several kinematic models have considered this geometry to accommodate a counter-clockwise rotation of the Wrangell block (around a close Euler pole located at 59.63
• N and 147.38
• N) with respect to the stable North American block, and a constant velocity along the DFS (Lahr & Plafker 1980; Fletcher 2002; Bufe 2006; Freed et al. 2006; Freymueller et al. 2008) . However, measurements of slip-rate averaged over the Holocene show that the slip-rate along the DFS is decreasing westward along the DFS, suggesting instead that the Wrangell block is moving northwestward relative to the stable North America (Matmon et al. 2006; Mériaux et al. 2009 ). This later interpretation would correspond to a much more distant Euler pole.
The direct consequence of considering the Wrangell block to move northward relative to stable North America, instead of rotating counter-clockwise around a nearby Euler pole, is that obliquity of the DFS relative to the plate-motion direction (i.e. the angle between the DFS and the plate-motion) increases westward along the DFS. This, in turn, implies that the strike-slip faults forming the DFS become less and less well oriented to accommodate the plate motion. In this paper, we explore each tectonic models to examine the relation between the coseismic motion on the DFS, the off-fault deformation associated with the aftershock sequence, and the deformation that occurs at geological timescale.
At the earthquake timescale, the coseismic deformation has been characterized based on focal mechanisms, geodetic measurements and field measurements (Eberhart-Phillips et al. 2003; Wright et al. (2003) and digital data from Haeussler et al. (2009) et , 2006 Wright et al. 2003 Wright et al. , 2004 Crone et al. 2004; Frankel 2004; Haeussler et al. 2004; Elliott et al. 2007; Schwartz et al. 2012) . The Denali earthquake started as a thrust on the Susitna Glacier Fault before propagating eastward on the Denali strike-slip fault and, eventually, branching on the Totschunda Fault (Fig. 1) . This earthquake has been accommodating mostly strike-slip motion. Interestingly, numerous aftershocks have been recorded that display a variety of focal mechanisms departing from only pure strike-slip, with a significant component of thrust Wesson & Boyd 2007) . Different behaviours between the main shock and the aftershock sequence have been observed already for earlier earthquakes occurring in oblique tectonic settings, such as for the M w 7.1 Loma Prieta earthquake, in 1989 (Zoback & Beroza 1993; Kilb et al. 1997) , or for the more recent M w 7.9 Wenchuan earthquake, 2008, (Yu et al. 2010) which were characterized by a mixture of compression and strike-slip. The Haiti earthquake (2010, M w 7), which main shock was oblique with a major component of strike-slip and a small reverse component, was mostly followed by compressive aftershocks as well (Nettles & Hjörleifsdóttir 2010) . Indeed, it appears fairly common that major earthquakes occurring in oblique settings are associated with particularly complex aftershock patterns.
In the following, we explore the distribution of the deformation between the main fault and the secondary structures due to the obliquity of the DFS relatively to the plate motion. First, we use the strain rosettes to represent the horizontal deformation associated with the earthquakes (Amelung & King 1997b ) and we quantify the horizontal deformation using the areal strain. We develop a kinematic model to reproduce the coseismic strain rosettes and the corresponding values of areal strain. We derive from this model a numerical indicator Ca, the coefficient of accommodation, which characterizes the efficiency of the fault to accommodate the motion, depending on the obliquity of the fault with respect to the large-scale plate motion. This approach is then used to quantify the amount and style of deformation that is taken up by localized slip on the Denali fault during a large earthquake versus the part of distributed deformation that is taken up by the aftershocks. Finally, we discuss implications of our results on the longer-term deformation pattern.
M E T H O D S

Strain rosette and style of deformation
To visualize the horizontal component of the deformation on a fault we use the strain rosette representation developed by Amelung & King (1997b) . For a single earthquake, this representation is similar to a classic focal mechanism. However, unlike focal mechanisms, the strain rosette can also be used to represent deformation inferred from an ascribed fault geometry and boundary conditions or, as detailed in the next section, to look at the deformation due to a group of earthquakes. The strain rosette is a powerful tool that allows for quantitative comparison of deformation style, even if the deformation pattern has been estimated from different sources (one earthquake, sum of several events, output of direct model). The strain rosettes are obtained by plotting the radial component of the strain tensor as a function of the azimuth. The strain tensor can be derived from the earthquake focal mechanism by projecting the normalized displacement recorded on the fault onto the horizontal plane (see methods in Appendix A). Fig. 2 gives examples of strain rosettes associated with classical focal mechanisms. Compressional lobes are shown in white and extensional lobes in black. The strain rosette resulting from a strike-slip event shows four lobes of equal dimensions, the white ones following the direction of maximum compression and the black ones following the direction of maximum extension. (d) The strain rosette resulting from an oblique slip event exhibits four lobes of distinct size. Their relative amplitude reflects the relative amplitude of the extensional and the compressional components of the deformation. The areal strain As quantifies the difference in length between the white and the black lobes. In the case shown here, the compressional component dominates over the extensional one with an As closer to 1 than to 0.
Working with strain instead of stress presents the advantage that no assumptions on the lithospheric rheological parameters are needed (Ben-Zion 2001; Ben-Zion & Zhu 2002) . In addition, projecting all the strain tensors associated with specific focal mechanisms in a common reference system allows the direct summation of the deformation associated with the earthquakes considered (Appendix A, Molnar 1983; Amelung & King 1997b; Bailey et al. 2009 Bailey et al. , 2010 . Thus, a singular strain rosette can be determined that describes the total deformation resulting from the effect of several earthquakes.
To get further insights into the deformation pattern, we calculate the areal strain (As) that corresponds to the relative change of area associated with the deformation (this is obtained from the trace of the diagonalized strain tensor). In a radial representation, the areal strain corresponds to the difference between the length of the compressional lobe and the length of the extensional lobe of the strain rosette:
With A the variation in area, A 0 the initial area, A 1 the length of the compressional (white) lobe and A 2 the length of the extensional (black) lobe (note that A 2 is positive whereas ε 22 is negative).
As is normalized to be between -1 and +1. The value -1 corresponds to a purely extensional rosette, the value 0 to a purely strikeslip rosette and the value +1 to a purely compressional rosette. Oblique extensional and oblique compressional behaviours are characterized by intermediate values (Fig. 2) . Because the strain rosette remains the same regardless of the selected nodal plane (fault plane or auxiliary plane), As allows for comparison of the deformation associated with earthquakes, even if the actual fault plane is unknown.
Whereas strain rosettes give an immediate representation of the style and the orientation of the deformation, As provides a direct quantification of the deformation that has been taken up in extension and compression.
Kinematic approach
A kinematic approach can also be used to describe the deformation in the case of pre-existing fault structures and to design a parameter that quantifies the efficiency of a fault to accommodate an imposed motion.
A displacement corresponding to far-field boundary conditions is applied to a fault with a specified geometry (strike and dip). The far-field boundary conditions are usually related to large-scale plate tectonics. Here, we consider these displacements to be purely horizontal. The plate motion is called U pm and is defined as a unit vector. λ pm is defined by the angle between U pm and the azimuth of the fault; it corresponds to the horizontal obliquity. In three dimensions the obliquity of the system corresponds to the combination of λ pm and of the dip of the fault. We calculate the slip resulting from the imposed boundary conditions by projecting the motion onto the fault plane, following the direction normal to the fault plane (Fig. 3a) . This vector is then re-projected onto the horizontal plane, following the normal to the horizontal plane (Fig. 3b) . The resulting vector, U h , would correspond to the horizontal displacement that can be accommodated by the pre-established fault while subjected to the applied motion. In this approach the along-strike component of the displacement accommodated by the fault is always equal to the along-strike component of the applied motion (X-axis in Fig. 3) . It is the component normal to the fault strike (Y-axis in Fig. 3 ) that varies with the dip of the fault and with λ pm .
The difference in amplitude and orientation between U pm and U h varies with λ pm and the dip of the fault. The projection of the vector U h onto the vector U pm , called the coefficient of accommodation (Ca; Fig. 3c , Appendix B), allows us to characterize the efficiency of a fault with a specific geometry to accommodate a motion with an imposed direction. The coefficient Ca varies from 0 to 1. For a value of 0, the fault cannot accommodate any of the applied horizontal motion. This situation corresponds to a vertical fault perpendicular to the direction of applied motion. For a value of 1, the fault can fully accommodate the applied horizontal motion. This situation corresponds to a fault parallel to the applied motion (or to a horizontal fault). Most fault systems lie somewhere between these two extreme cases.
As detailed before, the strain rosette can be used to represent the strain tensor associated with focal mechanisms. It can also be used to represent the strain tensor derived from the motion estimated on a given fault plane with our kinematic approach.
R E S U LT S
Deformation associated with Denali and Nenana Mountain earthquakes
The Denali earthquake was preceded 11 d earlier by the Nenana mountain foreshock (2002 October 23, M w 6.7, Eberhart-Phillips et al. 2003; Wright et al. 2003) . The foreshock was located along the western part of the Denali fault, less than 25 km away from the epicentre of the Denali earthquake. The strain rosette corresponding to the Nenana earthquake has been derived from the main shock focal mechanism (Fig. 4a ). It shows a rosette corresponding to a strike-slip focal mechanism, with white compressional lobes and black extensional lobes of comparable size (As ∼ 0).
The Denali earthquake (2002 November 3, M w 7.9) ruptured more than 300 km of the DFS. The earthquake started on the Susitna glacier thrust fault, then propagated eastward along the central part of the Denali fault. Eventually, the rupture ended on the Totschunda strike-slip fault, which branches off the Denali fault (Bhat et al. 2004; Haeussler et al. 2004; Schwartz et al. 2012) . Based on firstmotion analysis and strong-motion waveform inversion, the Denali earthquake seismic source has been described as the succession of three subevents (Eberhart-Phillips et al. 2003; Frankel 2004) . Using the focal mechanism determined for each of the three subevents, we could derive individual strain rosettes corresponding to each subevent (Fig. 4a) . The first subevent corresponds to the initiation of the Denali rupture on the Susitna Glacier Fault. Both surface ruptures and seismological data suggest that the fault is a thrust fault (Crone et al. 2004) . The strain rosette we derived from the focal mechanism shows prominent white compressional lobes and small black extensional lobes. The As is equal to 0.90, which characterizes the predominance of compression. Strain rosettes for the second and the third subevents, located on the main Denali fault, correspond to strike-slip with white and black lobes of similar size and an As close to 0. The rotation of the rosettes from west to east follows the rotation of the azimuth of the main fault.
Using the Nenana earthquake and the subevents of the Denali earthquakes as benchmarks, we have shown that the strain rosette derived from seismological data is an efficient tool to describe the deformation associated to earthquakes. In addition, As appears to be effective to characterize the style of deformation into one indicator.
An advantage of using strain rosettes, instead of focal mechanisms, is the possibility to sum the deformation due to several events occurring in a same region, and to represent the resulting deformation with a single rosette. A strain rosette can be calculated that represents all the deformation occurring in the western part of the DFS. This rosette combines the strain contribution of the first Denali subevent and of the foreshock, weighted by their respective seismic moment (Fig. 4a) . The resulting strain rosette with an As ∼ 0.77 shows that total deformation in this part of the DFS is transpressional.
Kinematic modelling of Denali earthquake
In the previous section, strain rosettes were derived from actual focal mechanisms. Strain rosettes and As can also be directly predicted from the deformation pattern associated with ascribed motion on specified fault geometry, using the kinematic model introduced in 2.2. In this section, we compute the rosettes for the fault geometry derived from field observations and different tectonic plate motions proposed in the literature. Then, we compare the predicted rosettes and As with the rosettes determined from the seismological data of at Biblio Planets on May 23, 2014 http://gji.oxfordjournals.org/ Downloaded from the Nenana and the Denali earthquakes. Eventually, the coefficient of accommodation Ca is computed for each fault of the model.
The azimuth of each segment of the DFS has been derived from the mapped fault traces published in the literature (Crone et al. 2004; Haeussler et al. 2004; Haeussler 2009 ). The dips of the faults are derived from the distribution of the aftershocks (Ratchkovski et al. 2004) and from geodetic data inversions (Hreinsdóttir et al. 2003 Wright et al. 2003 Wright et al. , 2004 Elliott et al. 2007) . From east to west we can distinguish the Totschunda fault, two Denali segments, central and west, and the Susitna Glacier fault. The Totschunda fault is modelled using a fault segment with an azimuth of N310
• and a dip of 85
• . The Central part of the Denali fault is modelled using a fault segment with an azimuth of N290
• . The western part of the Denali fault is modelled using a fault segment with an azimuth of N265
• . The Susitna Glacier fault is modelled using a fault segment with an azimuth of N245
• and a dip of 45
• . We have chosen an 85
• dip for the subvertical segments to avoid computational singularities. However, varying the dip by ±5
• does not change the results significantly.
Although discussing which tectonic model best describes plate motion in Alaska is beyond the scope of this work, our approach allows us to test different models to see how they compare to actual deformation accommodated by earthquakes. St. Amand (1957) was among the first to notice the circular geometry of the Denali fault. Later, based on small circle hypothesis, Stout & Chase (1980) , Fletcher (2002) and Freymueller et al. (2008) proposed a rotating block model, with the Wrangell block rotating around an Euler pole located at 59.63
• W. Using this pole (model A, Fig. 4b ), we predicted the local orientation of the plate motion acting on the DFS at different locations and derived the associated strain rosette, As and Ca.
Alternatively, Mériaux et al. (2009) proposed that the Euler pole describing the motion between the Wrangell block and North America is located away from the area considered (Fig. 1) . The Mériaux et al. (2009) kinematic reconstruction, based on moraines offset by the fault, leads these authors to propose a westward reduction in Quaternary slip rates and that the direction of the Wrangell block motion is N316
• relative to stable North America. This direction is used as the far-field tectonic boundary condition in model B (Fig. 4c) .
In both models, and for each individual segment, we computed the strain rosette, As, and Ca, to test the efficiency of each segment to accommodate the applied plate motion, depending on their azimuth and their dip (Figs 4b and c) . In both models the strain rosettes modelled for the faults segments of Totschunda and Denali show almost pure strike-slip (As ∼ 0) in good agreement with the rosettes determined from the focal mechanisms for, respectively, the subevent 2, the subevent 3 and the Nenana Mountain earthquake (Fig. 4a) . Interestingly the localized deformation remains strike-slip on these faults in model B (Fig. 4c) whereas the obliquity increases westward. This is mainly due to the fault dip. In both models, the azimuth of each modelled strain rosette varies accordingly with the change in the azimuth of the modelled fault planes.
The strain rosette predicted for the Susitna Glacier fault differs for the two models. In model A, the predicted rosette exhibits a strain pattern close to strike-slip deformation. In model B, the rosette exhibits more compression. This is underlined by As = 0.38 in model A, and As = 0.90 in model B.
In addition, the modelled strain rosette that corresponds to the sum of the contribution of the Susitna Glacier fault and of the western segment of the Denali fault (weighted with the seismic moment of each event) also differs from one model to another. In model A, As = 0.38 characterizes this sum. In model B, the sum results in a more compressional rosette with As = 0.75.
Thus, the localized deformation varies a lot depending on the model. Because the fault geometry is the same for the two models, these differences can only be due to the local direction of the plate motion.
The strain rosette derived from seismological data of the first subevent alone (on the Susitna Glacier fault) exhibits a large compressional component with As = 0.90 (Fig. 4a) . When the first subevent (Susitna Glacier fault) is combined with the Nenana Mountain earthquake (western segment of the Denali fault) the value of As = 0.77 (Fig. 4a) .
Considering that the type of faulting characterizing the 2002 earthquake is representative of the longer term localized deformation in this fault system and by comparing strain rosettes and As derived from seismological data with rosettes and As predicted from end-member models A and B, it seems that the kinematic model B better reproduces the deformation accommodated by localized slip on the pre-established fault system. Indeed, the actual deformation pattern requires a plate-motion direction which, if not perfectly constant, should be characterized by a consequent westward increase in obliquity with the fault geometry.
Thus, in the following, we choose to consider only the case of a distant Euler pole, similar to model B, to characterize the boundary conditions imposed on the Wrangell block. Under these conditions, and due to the geometry of the fault system, the pattern of deformation accommodated by localized slip (and the derived strain rosettes and As) will remain the same for larger or smaller magnitude events localized on these faults.
Figs 5(a) and (b) show how the style of the deformation varies for a given fault when one varies the dip of the fault and the horizontal obliquity λ pm . The results predicted for the different fault segments included in model B are also shown. We can note that for a large range of λ pm , subvertical faults are only able to accommodate the strike-slip component of the motion (As is insensitive to λ pm for dips close to 90
• , Fig. 5(a) . On the contrary, faults with lower dips can accommodate different proportions of strike-slip and compressional (or extensional) displacements, depending on λ pm . Hence, the Totschunda fault as well as the central and western Denali segments accommodate almost only pure strike-slip motion despite the fact that λ pm varies along strike. With a lower dip, the Susitna fault accommodates a larger component of compression, which is interpreted as the result of larger horizontal obliquity λ pm .
Variations in the value of Ca for different fault segments of model B (Fig. 5b) show that whereas the motion remains strike-slip on vertical faults for almost all λ pm , the amount of motion actually accommodated by each fault is not the same for similar ascribed far-field tectonic motion. Vertical faults subjected to large λ pm are not able to fully accommodate the imposed boundary conditions. Ca decreases from east to west on the Totschunda and central Denali segments to eventually reach a low value of Ca = 0.4 for the western Denali segment. On the contrary, a fault with a lower dip could better accommodate a greater variety of boundary conditions as shown by values of Ca on average closer to 1 for the full range of λ pm . Actually, along the western part of the DFS, the value of Ca is the smallest where λ pm is the largest. There, Ca ∼ 0.4, indicates that the western Denali fault accommodates less than half of the tectonic plate motion, while the Sustina thrust fault, almost parallel to the western Denali fault, with Ca = 0.55 accommodates a significant part of the deformation. For the Sustina fault, As is about 0.9, which is characteristic of a compressional regime. Hence, the western region of the DFS presents evidence of partitioning of the displacement during the Denali earthquake sequence between the strike-slip motion, taken by the western Denali segment, and the compressional motion taken by the Sustina fault (Bowman et al. 2003; King et al. 2005) . Unlike previous earthquakes where slippartitioning was observed to affect simultaneously the different fault segments accommodating the different components of slip , during the Denali earthquakes sequence a short time delay was observed between the activation of the different faults accommodating the different part of the motion as the Nenana earthquake (accommodating the strike-slip component in the western part of the sequence) preceded the Denali first subevent (accommodating the thrust component) by 11 d.
Study of the deformation accommodated by the aftershocks
The computation of Ca for the preferred model B (Fig. 4b) shows that the far-field motion is not accommodated in totality by Denali main shock type of earthquake, even when one includes the Nenana foreshock. The strain rosette, because it allows the summation of individual strain contribution for a set of earthquakes, can be used to quantify how much strain is accommodated by the aftershock sequence, and if any specific style of deformation dominates the sequence.
Based on the evolution of the cumulative number of earthquakes for the regional catalogue A strain rosette and As are calculated for each of the 473 aftershock (Fig. 6) . Purely compressional mechanisms plot as As = 1, purely strike-slip mechanisms as As = 0, and purely extensional mechanisms as As = -1. Intermediate values of As correspond to oblique mechanisms. We arbitrarily choose to split the extensional and the compressional domains at As = 0.33 and 0.66, which lead to the following distribution (Table 1) : Table 1 . The different domains of areal strain and their interpretation.
-1 ≤ As < -0.7 Domain of extensional deformation -0.7 < As < -0.3 Domain of oblique extensional deformation -0.3 < As < +0.3 Domain of strike slip deformation +0.3 < As < +0.7 Domain of oblique compressional deformation 0.7 < As ≤ 1 Domain of compressional deformation Fig. 6 shows that the aftershocks exhibit many different styles. The domain of compressional deformation accounts for 38.4 per cent of the catalogue (As > 0.7, in red). The domain of strike-slip deformation, a deformation similar to the main shock, includes 31 per cent of the aftershocks (-0.3 < As < +0.3, in green). Aftershocks falling between these two domains represent 16.5 per cent; of the catalogue and account for oblique compressional deformation (+0.3 < As < +0.7, in blue). Aftershocks accounting for oblique extensional and extensional deformation represent only 7.4 and 6.7 per cent, respectively (both in grey, −0.7 < As < -0.3 and As < -0.7, respectively). Therefore, aftershocks with a component of compression represent more than 50 per cent of the whole aftershock sequence, unlike the main shock and the foreshock, which are dominated by strike-slip.
To visualize the strain accommodated by a group of aftershocks we use a strain rosette approach similar to that developed by Amelung & King (1997b) in California. The strain tensor is derived from the geometric moment, which can be expressed as M ij equivalent to M.R θ , with M the scalar moment and R θ the radial component (Amelung & King 1997b ). Classes of magnitudes are defined such as the transition between two successive classes corresponds to a doubling in fault length, which also corresponds to a factor of 8 in scalar moment (Bakun et al. 1986; King et al. 1994; Amelung & King 1997a,b) . Strain rosettes for each class of magnitude are presented in Fig. 7 . The strain rosettes exhibit a large similarity in terms of orientation and shape. This similarity allows us to check that strain patterns are independent of earthquake size (self-similarity of the fault system, King 1983) and it suggests that each class is representative of the overall deformation, showing the completeness of the seismic catalogue. Following Amelung & King (1997b) , once self-similarity has been verified, one can compute strain rosettes in the area of interest without taking the seismic moment of each event into account (methods in Appendix A). Only the radial component R θ is of interest. To check the impact of considering, or not, the seismic moment, both cases will be further represented in the study of aftershocks (Figs 8a and b) .
Aftershock strain rosettes (Fig. 7) show a dominant component of compression for all classes of magnitudes, with an As around 0.7-0.8. This component of compression was absent in the main shock sequence. Many aftershocks do not occur on the main fault but rather in the surrounding volume (Liu et al. 2003) ; such distributed seismicity might be responsible for off-fault deformation releasing strain that could not be accommodated by the main shock of the Denali sequence, although required by the oblique boundary conditions (King 1983 (King , 1986 King & Nábělek 1985; Bailey et al. 2010; Devès et al. 2011) .
Aftershocks can be further grouped spatially (east, central and west) to look at the impact of fault geometry in more detail. For each case rosettes including, or not, seismic moment are presented to cross check that if self-similar, removing the scalar moment is a valid working assumption (Figs 8a and b) .
We first describe the aftershock strain rosettes obtained without taking the seismic moment into account (Fig. 8a) .
The strain rosette for the eastern region corresponds to the deformation accommodated by 74 aftershocks. It shows a combination of strike-slip and compressional strain, with an As = 0.31. Although, for an individual earthquake the strike of the corresponding strain rosette should be similar to the azimuth of the fault, for the aftershocks in the eastern region, the average strain rosette strike (the line that can be drawn, passing between white and black lobes, with an angle of N
• 346) differs from the azimuth of the Totschunda segment (TF, ∼N310
• ). This difference results from the distribution of the deformation associated with aftershocks, not only occurring on the Totschunda fault but also on smaller faults with different orientations in the surrounding volume.
The strain rosette for the Central region corresponds to the deformation accommodated by 160 aftershocks. The rosette is strike-slip with a large compressional component as indicated by an As = 0.58. The average rosette strike (N • 317) differs from the azimuth of the central Denali segment (∼N290 • ). As for the eastern region, this difference seems to be the expression of the distribution of the deformation on and off fault, with a significant scattering of aftershocks epicentres north of the fault.
The strain rosette for the western region corresponds to the deformation accommodated by 205 aftershocks. The rosette is predominantly compressive with an As = 0.69. The average strike (N • 270) is similar to the strike of the western part of the Denali fault. Interestingly the strain rosette for the western group of aftershocks, by its orientation and by exhibiting a large compressional component, is quite similar to the strain rosette corresponding to the sum of the Nenana earthquake and of the first Denali subevent (Fig. 4) . Hence, the two shocks taken together, as well as the aftershock cluster, both reflect the deformation imposed by oblique far-field conditions. Unlike other sections of the rupture, however, the partitioning of the deformation is more pronounced with two distinct fault segments each accommodating specific part of the deformation.
These rosettes obtained without taking the moment into account can then be compared with strain rosettes in which the moment of each earthquake is taken into account (Fig. 8b) . The orientation of each rosette does not vary significantly between Figs 8(a) and (b). Furthermore, if each pair of rosettes taken alone can exhibit small variations in terms of shape (and so of As), the general pattern of deformation is similar to the one described above when the seismic moment was not taken into account, confirming the self-similarity of the seismic sequence. Fig. 8(c) shows histograms of As for the three regions during the aftershock period, with the same colour code as in Fig. 6 . Because each event is represented individually, histograms do not vary whether or not the seismic moment is taken into account. Going from east to west, the proportion of aftershocks accommodating strike-slip (in green) decreases from 47.3 to 25.2 per cent (31.7 per cent for the central region). At the opposite, the proportion of aftershocks accommodating compressional strain (in red) increases from 32.4 per cent in the eastern part (less than the strikeslip proportion in the same area) to 39.1 per cent in the central part, to eventually become the largest part of the aftershocks in the western section with 43.7 per cent. The proportion of aftershocks accommodating oblique compressional strain (in blue) follows the same east to west trend as the purely compressive one. Finally, the proportion of aftershocks accommodating extension remains below 10 per cent everywhere.
This histogram representation confirms that compression and strike-slip aftershocks dominate with a swap of the dominant process when moving from east to west. This swap between strike-slip and compression is consistent with the decrease of Ca, predicted from the kinematic model B, as the obliquity between the fault and the plate-motion direction increases westward. Most of the aftershocks actually occur in the area where the obliquity is the largest and thus where Ca is the lowest. Aftershocks, which deformation style differs more and more westward from the deformation associated to the main shock sequence, seem therefore organized in this oblique setting to accommodate the missing component of the deformation that is not taken up by the main shock sequence.
Study of the background seismicity
In the previous section, it has been shown that the aftershocks accommodate a part of oblique far-field conditions that is not accommodated by the Denali earthquake itself and its foreshock. The aftershocks, however, represent a total released moment of 9.2 × 10 17 N.m, which remains small compared to the Denali earthquake moment of 6.8×10 20 N.m (Frankel 2004) . Although the seismic catalogue has fewer events, the strain rosette can also be computed for interseismic periods, from 1987 to 2002 (Fig. 9b, 71 events representing a total released moment of 2.2 × 10 17 N.m), and after the aftershock period, between 2005 and 2011 (Fig. 9a, 185 events representing a total released moment of 3.8 × 10 16 N.m). For the 2005-2011 period, the strain rosettes are similar in orientation and shape to that of the aftershocks (Figs 9a and 8a) . We observe a similar increase of the compressional component and variations in orientation from east to west. A very small number of events characterize the period 1987-2002. In consequence, larger grouping areas are required and the resulting rosettes are not as robust as for the other two periods. Adding or removing one or two events with different focal mechanisms can substantially modify the rosettes, for example in the east region, which includes only seven events. It is clear that for this period the assumption of self-similarity of the seismicity does not hold. Despite these loosely constrained rosettes, the pattern of deformation accommodated is generally similar to that of the two other periods, with rotation between rosettes and the presence of compressional deformation. The strain accommodated by the aftershocks is thus comparable to the strain derived from the background seismicity at distinct periods of the seismic cycle. Both are different from the strain accommodated by major earthquakes on the main faults. Hence, the aftershocks and the background seismicity on one side, and the localized slip during major earthquake on the other side, they appear to accommodate complementary components of the deformation, showing an example of slip-partitioning both in space and in time.
The western region is slightly different from the rest of the DFS. That region, where the obliquity is the largest, is characterized by the existence of the Susitna Glacier thrust where the Denali rupture started (Crone et al. 2004) . One could then hypothesize that in regions where the obliquity is large enough, the fault system will evolve in a way where the oblique slip is accommodated more efficiently by two mature faults, to allow a full slip-partitioning over the longer-term (Bowman et al. 2003; King et al. 2005) . In the case of Alaska, if slip does not occur on the Susitna Glacier fault for each 'Denali like' earthquake, other reverse fault structures might be candidates to be the location of such partitioning (with the Broxson Gulch fault close to the east, or the thrusts near Mt. McKinley to the west; J. Freymueller, personal communication, 2014) .
E A RT H Q UA K E S A N D L O N G -T E R M D E F O R M AT I O N
The deformation accommodated during the Denali earthquake sequence demonstrably varies along strike. A simple kinematic approach, assuming an oblique plate motion vector, shows that the ability of the pre-established faults to accommodate the applied plate motion decreases from east to west. Aftershocks, as well as the diffuse background seismicity, appear to accommodate mostly the compressional component of the deformation, whereas the large earthquakes located on the more mature and vertical faults tend to accommodate rather the strike-slip component. Hence, the westward widening of the topography (Mériaux et al. 2009 ) observed north of the strike-slip fault, which is formed of several active thrusts (Bemis et al. 2012) , is consistent with a westward increase of the obliquity. Thus, the relationship observed between the deformation localized on the main Denali fault and the deformation distributed on a myriad of secondary faults is probably critical to shape the topography on the timescale of several earthquake cycles (Devès et al. 2011) .
S U M M A RY A N D D I S C U S S I O N
Purely localized deformation only occurs under very specific boundary conditions (Fig. 5b) , while total, or partial, deformation partitioning is commonly observed in oblique tectonic settings. Earthquakes occurring in such oblique tectonic settings, such as the Denali earthquake sequence, are usually associated with a pattern of aftershocks presenting focal mechanisms that can be quite different from that of the main shock. Although a full discussion of the tectonic context of the DFS is beyond the scope of this work, a simple kinematic model shows that a model with a constant direction of motion of the Wrangell block relative to North America fits the deformation pattern well. As the azimuth of the DFS changes by about 50
• along the length of the 2002 Denali rupture, the DFS offers an example where the effect of changing obliquity can be easily tested.
We developed three indicators, the strain rosette, areal strain As and the coefficient of accommodation Ca to characterize the type of deformation associated to one or several earthquakes, and to quantify the efficiency of a specific fault to accommodate given boundary conditions. These indicators were used to characterize the foreshock-main shock-aftershock sequence of the Denali earthquake.
We show that the strike-slip component of the deformation accommodated on the main faults represents a decreasing part of the total regional boundary conditions when moving from east to west and that at the same time the number of aftershocks, dominated by compressional mechanisms, is increasing. It suggests that aftershocks, as well as background seismicity, are organized in space to complement the deficit of deformation that cannot be accommodated any more on the main subvertical fault as obliquity increases.
Strain rosettes allow actual quantification of strain partitioning at a larger timescale, beyond the occurrence of slip partitioning during a single earthquake. These aftershocks and microseismicity are mostly accommodated by secondary structures with dips that can be far from vertical. Eventually, one could hypothesize that when the obliquity becomes too large, the tectonic system would reorganize itself to promote localization of the deformation along a fault better oriented relatively to the boundary conditions, such as the Sustitna Glacier thrust fault in the case of the DFS.
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We thank R. Dmowska and A.-S. Mériaux for useful discussions. We are grateful to the editor, Y. Ben-Zion, and two anonymous reviewers for their helpful comments. This work has been done in the framework of the ANR GEOSMEC contract ANR-12-BS06-0016. MD acknowledges some support from the European Research Council (ERC Project 269586 DISPERSE). This research was supported in part by the office of Alaska State Seismologist. This is IPGP contribution number 3505. For small events this results from the incompleteness of the catalogue and for large events the time period is too short for the catalogue to be complete. (d) Strain rosettes for the same bins used in c. The number of events used to create the rosettes is indicated. For bins of events less than M4.55 the strain rosettes are identical. For the seven events greater M5.14 the rosettes differ from those found for smaller events and from the form predicted from plate motion and geodetic data. It is of interest to note that although the largest event releases more moment than all the other events together it is not representative of deformation in the region.
that when the number of earthquakes is large enough this is strictly obeyed (Fig. A1) .
Hence, if a given set of earthquakes (such as our Denali series) obeys a power law, one may check that these earthquakes are also consistent with a unique deformation pattern at all spatial scales considered. If this is true, then the earthquake series is self-similar and the expression of the geometric moment M i j (equivalent to M.R θ , M being the scalar moment and R θ the radial component represented by strain rosettes), can be simplified to only consider the radial term R θ .
It is widely believed that only the largest earthquakes matter because they represent the largest deformation component and that small events can be ignored. This is not true for the strain rosettes, which should be statistically scale independent. For this reason numerous small events provide a much more reliable determination of R θ than a few large events. The unit plate motion U pm is projected on the fault plane following the direction that is normal to the fault plane. The components of the resulting vector U f (shown by the black arrow in Fig. B1 ) varies depending on the obliquity and the dip of the fault. The dip slip component U df is given by:
The strike-slip component U sf is given by:
U f length is:
The slip rake, that is, the angle of the slip vector from the x-axis varies with the fault obliquity and the fault dip as follows (Fig. B2) , B.2 Second projection: from the slip on the fault plane to the horizontal displacement that is accommodated U f is projected onto the horizontal plane following the direction that is normal to the horizontal plane. The resulting vector U h (shown by the blue arrow in Fig. B1 ) corresponds to the horizontal displacement actually accommodated by sliding on the fault. The x and y components vary with the fault obliquity and the fault dip as follows:
U hy = U df cos(di p) = U pm cos 2 (di p) sin(λ pm ), U hx = U sf = U pm cos(λ pm ).
U h length is then ( Fig. B3 ):
hx , while the angle β h between U h and the x-axis is obtain from: tan(β h ) = U hy /U hx = cos 2 (di p) tan(λ pm ).
The angle between the initial horizontal plate motion and the horizontal motion, α h , accommodated by the fault is eventually calculated as follows (Fig. B4) :
B.3 Third projection: the coefficient of accommodation
The displacement accommodated horizontally by sliding on the fault plane is different from the applied plate motion in amplitude as well as in orientation. By projecting the first vector onto the second one, we can calculate a coefficient of accommodation Ca that quantifies the ability of the pre-established fault to release the applied plate motion. The coefficient of accommodation is given by: Ca = ||U h || cos(α h )/||U pm ||. Figure B3 . Variation of the amplitude of the horizontal slip (U h ) taken up by sliding on the fault as a function of the fault obliquity and the fault dip. Figure B4 . Variation of the angle between the horizontal slip taken up by sliding on the fault (U h ) and the applied plate motion (U pm ) as a function of the fault obliquity and dip.
A P P E N D I X C : S T U DY O F E A RT H Q UA K E C ATA L O G U E
In the main body of the paper, we consider separately the main shock, the aftershocks and the background seismicity. Here are given more details about how we split data into these three datasets (Figs C1 and C2) . We have also calculated the earthquake occurrence, distinguishing between the 2002-2004 time periods and the 2005-2011 time periods and for the three areas of interest described in the paper. Figure C1 . Cumulative earthquake number as a function of time after Denali earthquake. Two data sets are plotted, our catalogue of 664 focal mechanisms and the 2543 earthquakes registered during the same period by the AEIC (no focal mechanisms for this dataset). We decided to end the aftershock sequence on 2005 January 1 (blue line), when the rate of seismicity becomes constant. It is important to note that many earthquakes occur outside of the zones we study. is a minimum number because the deployment of temporary seismic stations after the Denali earthquake has improved the ability to record small earthquakes after 2002. We then tend to interpret the 2005-2011 period as the start of the interseismic period with a quite high seismicity rate (induced by the occurrence of the 2002 sequence) with respect to the period prior to the earthquake. Putting together or not these two periods does not change the resulting rosettes substantially (Fig. 8a versus 9a) , but making the distinction allows us to make hypothesis on the pattern of deformation at distinct periods of the seismic cycle.
